Neurotoxic effects of excitatory amino acids have been implicated in various neurological disorders and have been utilized for excitotoxic models of delayed neuronal cell death (Rothman, 1986; Choi and Rothman, 1990; Choi, 1992) . Glutamate-induced, delayed neuronal excitotoxicity has been shown to be dependent on activation of the NMDA subtype of glutamate receptors Koh and Choi, 1991) and has been correlated with increased intracellular calcium levels Glaum et al., 1990; Wadman and Connor, 1992; Hartley et al., 1993) . In addition, removal of extracellular calcium from the culture media during glutamate exposure has a beneficial effect on neuron survival (Choi, 1987; Choi et al., 1988; Michaels and Rothman, 1990; Choi and Hartley, 1993) . Therefore, alteration of neuronal calcium physiology may be a major mechanism by which glutamate exposure induces cell death.
The multifunctional Ca2+/calmodulin-dependent protein kinase II (CaM kinase II) is a major Ca*+ second messenger system that regulates many Ca 2+-dependent processes in neurons (Jameson et al., 1980; Caroni and Carafoli, 1983; Goldenring et al., 1984a; Yamamoto et al., 1985; Sakakibara et al., 1986; Baskys et al., 1990; Amador and Dani, 1991; McGlade-McGulloh et al., 1993) . CaM kinase II phosphorylates and regulates the function of receptor-gated ion channels (McGlade-McGulloh et al., 1993; Machu et al., 1993) , neuroskeleton elements (DeLorenzo et al., 1982) , calcium-dependent ion channels (Sakakibara et al., 1986; Baskys et al., 1990) and is involved in neurotransmission (DeLorenzo, 1981; DeLorenzo, 1983; Llinas et al., 1985) . CaM kinase II comprises 1% of total forebrain protein and up to 2% of total hippocampal protein (Goldenring et al., 1983; Kennedy et.al., 1983b; Ouimet et al., 1984; Erondu and Kennedy, 198.5; Schulman, 1989) . In addition, CaM kinase II is predominantly expressed in neurons relative to glial cells (Erondu and Kennedy, 1985; Schulman, 1989; Churn et al., 1992b) . The a-subunit is homologous to the major postsynaptic density protein (PSD) which comprises up to 50% of the total PSD protein (Kennedy et al., 1983a; Goldenring et al., 1984b; Kelly et al., 1984) . The high synaptic expression of CaM kinase II suggests that this enzyme may be important for normal synaptic function. Since CaM kinase II is a neuronally enriched enzyme that regulates many important cellular processes, inhibition of this important enzyme system would have important effects on neuronal function.
Significant inhibition of CaM kinase II activity has been observed in many models of delayed neuronal cell death including whole animal models of ischemia (Taft et al., 1988; Churn et al., 1990b Churn et al., , 1992a Zivin et al., 1991; Aronowski et al., 1992) and glutamate excitotoxicity in neuronal cultures (Churn et al., 1993) . Transient forebrain ischemia results in greater than 50% inhibition of CaM kinase II activity in hippocampus (Taft et al., 1988; Churn et al., 1990b) and cortex (Churn et al., 1990b) . The decrease in CaM kinase II activity observed after ischemia is an early (within 10 set) and long-lasting phenomenon that precedes the development of delayed neuronal cell death (Taft et al., 1988; Churn et al., 1990b) . This inhibition of CaM kinase II activity has been implicated in contributing to delayed neuronal cell death by several laboratories (Taft et al., 1988; Zivin et al., 1991; Aronowski et al., 1992; Churn et al., 1993) . Therefore, understanding the cellular mechanisms involved in regulating the inhibition of CaM kinase II would provide insight into the molecular mechanisms of excitotoxicity induced changes in neuronal transducing systems.
In this report, primary hippocampal neuronal cultures were utilized to characterize the effects of excitotoxic glutamate exposure on delayed cell death, alteration of internal free calcium regulation and inhibition of CaM kinase II activity. The data indicate that excitotoxic glutamate exposure resulted in a significant inhibition of CaM kinase II activity and that the observed inhibition of this enzyme is NMDA receptor mediated. Inhibition of CaM kinase II activity occurred immediately following glutamate exposure and persisted until delayed neuronal cell death occurred. In addition, inhibition of CaM kinase II activity was dependent on extracellular calcium and could be prevented by omission of calcium from the culture medium. The data support the hypothesis that inhibition of CaM kinase II activity may be involved in calcium-dependent, delayed neuronal cell death.
Materials and Methods Hippocampal cell culture
Primary hippocampal cultures were prepared by a modification of the method of Banker and Cowan (1977) as described by Sombati et al. (1991) . Briefly, hippocampal cells were prepared from 2 d postnatal rats (Harlan) and grown on a confluent hippocampal astroglial feeder layer. Astrocytes were prepared from 2 d old pups by the methods of Abney et al., (1981) . The glial cultures were maintained for 2 weeks in the 60 mm dishes (Costar) and fed twice weekly with MEM, 10% fetal bovine serum, and 2 mM L-glutamine, 10 mu glucose. After confluence (approximately 4 d), the glial cultures were exposed to 5 pM cytosine arabinoside to inhibit further proliferation. The day prior to neuronal plating, the glial feed was replaced with N,-supplemented neuronal feed. The N, supplement contained 25 mu HEPES buffer (pH 7.4), 2 mM glutamine, 5 kg/ml insulin, 100 bg/ml transferrin, 100 p,M putrestine, 30 PM sodium selenite, 20 pM progesterone, 1 mu sodium pyruvate, 0.1% ovalbumin, 20 ug/ml T,, 40 kg/ml corticosterone. Hippocampal cells were plated at a density of 7.5 2 lo5 cells/60 mm culture dish onto a confluent glial bed. Cultures were maintained at 37°C under 5% CO,, 95% air. Culmres were fed three feedings/week (l/2 half media change) with N,-supplemented, Earle's Salt's containing minimum essential medium (MEM). The glutamine. MEM and HEPES buffer were obtained from GIBCO' (Gaithirsburg, MD). All other culture reagents were obtained from Sigma Chemical Co. (St. Louis), except where specified.
Neurotoxicity assays
Under sterile conditions, neuronal feed was replaced with three complete changes of recording solution. Careful changes of the culture medium were performed to minimize trauma to cultured neurons and prevent drying of culture beds. All changes were performed under a sterile hood by slow suction removal of old medium with simultaneous, slow application of new medium. Recording solution contained (in mM) NaCl, 145; KCl, 2.5; CaCl,, 1 MgCl,, 1; D-glucose, 10; Na-HEPES, 10; glycine, 0.01; pH 7.3. The osmolarity was adiusted to 325 mOsm with &rose. Recording solution was replaced with recording solution containing 500 IJ,M glutamate (or 100 FM NMDA) and 10 PM glycine for 10 min. Glutamate toxicity was also contrasted with 50 mM KC1 exposure (Glaum et al., 1990) . Cultures were washed by three complete changes of recording solution (no drug). Neuronal feed was replaced and neurons allowed to recover for 3 d under the normal feeding schedule. Viable cells were identified as phase-bright cells with intact processes (Churn et al., 1993) . Nonviable neurons appeared phase dark and contained crenelated neuritic processes. In some experiments, trypan blue exclusion was used to determine neuronal viability. Surviving cells are expressed as percent viable cells remaining from original counts.
CaM kinase II assays
Under sterile conditions, culture medium was replaced with recording solution as described above. Following experimental treatment, cultures were washed three times with recording solution and two times with culture medium. Neuronal cultures were allowed to recover in neuronal feed for specified times at 37"C, and isolated for quantitation of kinase activity. For quantitation of CaM kinase II activity, hippocampal neurons were washed twice with recording solution at 37°C. The wash solution was rapidly replaced with ice-cold homogenization buffer (100 mu piperazine-iV,N'-bis[2(-ethane sulfonic acid)] (PIPES) pH 6.9, 1 mM ethylenediamine-tetra-acetic acid (EDTA), 2 mu [ethylenebis(oxyethylenenitrilo)] tetra-acetic acid (EGTA), 0.3 mu phenylmethylsulfonyl fluoride), and the cells were immediately scraped from the culture dish surface. The suspension was transferred into a glass homogenizer (Kontes, Vineland, NJ), and disrupted as described previously (Churn et al., 1992a) as modified in (Churn et al., 1993) . Homogenates were normalized for protein and studied for endogenous calcium-dependent protein phosphorylation. Standard phosphorylation reaction solutions contained 41 p,g of protein, 10 mM MgCl,, 7 FM y-'*P ATP, 10 mM PIPES pH 7.4, ?5 mM CaCl, and 2600 PM calmodulin. The concentration of free calcium was estimated with a Ca2+/EGTA buffer system (Portzehl et al., 1964) as described in Burke and DeLorenzo (1981) . The standard free Ca2+ concentration for maximal activity was 50 FM. Final reaction volume was 100 pl. Standard reactions were performed in a shaking water bath at 30°C. Reactions were initiated by the addition of calcium, continued for 1 min, and terminated by the-addition of 5% sodium dodecvl sulfate (SDS) STOP solution (Churn et al.. 1992a) . Proteins were iesolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and protein bands visualized as described previously (Churn et al., 1992a) . Stained gels were dried and exposed to x-ray film (XRP-1, Kodak) for autoradiography. CaM kinase II subunits were identified by running purified kinase fractions in parallel gel lanes as described (Churn et al., 1990a (Churn et al., , 1992a . The CaM kinase II subunits were further identified by Western analysis (see below) of autophosphorylated protein using a monoclonal antibodies against the B subunit (Churn et al., 1992b) or the o( subunit (Boehringer Mannheim, Indianapolis) of CaM kinase II. The autoradiograph was then used as a template for excising radioactive phosphoproteins for quantitation in a liquid scintillation spectrometer (model LS 2800, Beckman), with a counting efficiency of 80% (Churn et al., 1990a (Churn et al., , 1992a . In some experiments, computer-assisted densitometry was utilized (Mocha, Jande1 Corp., San Rafael, CA), as previously described (Churn et al., 1992a) . Inhibition of CaM kinase II activity was analyzed by one-way ANOVA (Graphpad, San Diego, CA).
Phosphocellulose assay of CaM kinase II phosphorylation of Syntide II Substrate phosphorylation was performed by a modification of the method of Hashimoto and Soderling (1987) . For kinase activity, standard reactions were performed as described above, except that 60 pM Syntide II (Sigma, St. Louis) was included in the mixture. This concentration of Syntide II was found to provide maximal phosphate incorporation under standard conditions (see Fig. 8 ). The phosphorylation reaction was initiated by the addition of Ca*+, allowed to continue for 1 min and stopped by the addition of 20 mM EDTA; 10 p,l of the assay solution was -immediately blotted onto phosphocellulose filter paper, P-81 (Whatman. Maidstone. England) as described oreviouslv (Hashimoto and Soderling, 1987) . 'Each reaction was quanhtated in uiplicate. P-81 filter paper was then washed three times in 50 mM phosphoric acid, rinsed with acetone, and allowed to air dry. Radioactive phosphate was quantitated by scintillation counting as described above.
Phosphatase studies
To determine the phosphatase activity towards CaM kinase II, removal of phosphate from the (Y subunit of CaM kinase II was measured as described previously (Churn et al., 1992a) . Control CaM kinase II was phosphorylated as described above, except that the phosphorylation reaction was terminated by the addition of 20 mM EDTA ? exogenously added phosphatases. Homogenates were incubated with a mixture of purified phosphatases 1 and 2A (PPC) or control buffer for 20 min at 30°C in buffer containing 10 mM PIPES (pH 7.4), 10 mM MgCl,, and (Churn et al., 1990a (Churn et al., ,b, 1992a . Dephosphorylation reactions were continued for 20 min and terminated by protein solubilization with an SDS solution. In some experiments, the reaction was terminated by the addition of EDTA/PPC mixture + 0.6 FM okadaic acid (OA), a selective PPC inhibitor. Phosphatase activity was expressed as percent phosphate removed from maximally phosphorylated OL subunit (Churn et al., 1992a) .
To determine whether glutamate-induced inhibition was reversible with phosphatase treatment, homogenates from control and glutamatetreated cultures were pretreated with PPC as described above under conditions that were demonstrated to remove the majority of phosphate groups due to autophosphorylation. In reactions where subsequent kinase activity was tested, the incubation mixture also contained 600 FM calmodulin. Phosphatase reactions were terminated by incubating samples with 0.6 pM okadaic acid (BioMol, Plymouth Meeting) for 1 min at 30°C. Following PPC treatment, standard CaM kinase II reactions were performed in the presence of 0.6 PM okadaic acid to inhibit phosphatase activity as described previously (Churn et al., 1992a) . Reactions were terminated, proteins resolved by SDS-PAGE and incorporation of phosphate quantitated as described above.
Western analysis Proteins were resolved on SDS-PAGE under standard conditions and blotted onto nitrocellulose. Nitrocellulose was immersed in TWEENphosphate-buffered saline solution (TPBS); 10 mM NaPO,, 0.9% NaCl, pH 7.5) and 0.5% v/v TWEEN-20 (Sigma, St. Louis). The nitrocellulose strip was incubated in TPBS containing a previously characterized anti-B CaM kinase II antibodv &G-3. monoclonal: Churn et al.. 1992a.b) or' anti-o antibody (Boehrmger Mannheim, Indianapolis) for' 1 hr. Un: bound antibody was removed by three washings in TPBS. The blot was incubated in a solution of biotinylated secondary antibody in TPBS. Excess secondary antibody was removed by three washings with PBS (no TWEEN-20). Labeled proteins were reacted with an alkaline phosphatase staining kit (Vector, Burlingame). Development of bands was stopped by two changes of water. Developed strips were allowed to air dry and quantitation was performed by computer-assisted densitometry (Mocha, Jandel Corn. San Rafael. CA). Eaual blottine of orotein was confirmed by protein staining utilizing 'a sensitive gold staming procedure (Churn et al., 1992a,b) of parallel strips of nitrocellulose (Bio-Rad, Hercules). Strips of nitrocellulose were incubated in phosphate-buffered saline as above supplemented with 0.3% TWEEN-20. Washed membranes were briefly rinsed in water and stained with AuroDye (BioRad, Richmond) until band formation reached saturation.
Immunocytochemistry
Hippocampal cells were plated onto a confluent glial feeder bed on 12 mm circular coverslips (Baxter, Columbia, MD) at a density 1 X lo4 cells/mm. The lower cell density was utilized to facilitate photography of single neurons within the population. Slides were subiected to experimental conditions as described above and immediately fixed for 30 min with 5% paraformaldehyde diluted into 0.1% PBS. Fixed cells were washed, and permeablized for 1 hr with 0.1% saponin, 0.25% gelatin in PBS. Permeablized cells were exposed to lC3-3D6 (1:200 dilution into PBS/SAP/GEL) for I hr. Treated cells were exposed to biotinylatedsecondary antibody (anti-mouse IgG, Vector) for 1 hour in PBS/SAP/ GEL. Cells were then treated with Texas red avidin (1:lOO dilution in PBS/SAP/GEL. Vector) for 30 min. Cover slim were mounted onto I slides with DABCO mounting media and allowed to dry for 30 min. Slides were stored at 4°C in the dark until analyzed. Photomicroscopy was performed using a Nikon inverted microscope with original magnification of 40X.
Measurement
of intracellular calcium The ACAS confocal interactive laser cytometer was utilized to study intracellular calcium Ka2+1.) in hiuoocamoal neurons under identical conditions utilized to'inves&ate &M kin&e II activity and neuronal cell death. Neurons were preloaded with a fluorescent calcium binding probe (Indo-1) and changes in cellular fluorescence levels were monitored through whole cell imaging using ACAS confocal imaging (see t below). Estimation of the change in free [Ca*+], was determined by quantitating the ratio of Indo-l fluorescence changes of free Indo-l versus calcium-bound Indo-l (see below). Culture medium was replaced with several washings of recording solution as described for biochemical and survival studies. For experimental conditions, simultaneous removal and addition of recording medium + either 500 p,~ glutamate or 50 mM KC1 was performed. In some experiments, extracellular calcium was omitted or the selective NMDA antagonist, MK-801 (20 FM), was included as described in the figure captions. The specific [Caz+], imaging methodology is described below:
Cell loading with Indo-1. To load hippocampal neurons with Indo-1, neuronal feed was removed and replaced with Recording solution (145 mM NaCl, 2.5 mM KCI, 10 mM HEPES, 10 mM glucose, 2 mM CaCl,, 1 mM MgCl,, pH 7.3, osmolarity adjusted to 325 with sucrose) containing 1 LLM Indo-l AM. Loading of cells was oerformed at 37°C for 45 minutes. Cells were then washeh three times with recording solution and incubated for an additional 1.5 min to allow for the cleavage of the Indo-l AM to the free acid form by cellular esterases.
Microjluorometry. After neuronal cells were loaded with Indo-I, [Ca2+], was measured using the ratio program (image analysis mode) of a confocal ACAS 570 Interactive Laser Cytometer (Meridian Instruments, Okemos, MI). Coverglass chambers were secured on the ACAS moving stage and analyzed using a 100X inverted oil immersion objective lens (Olympus, Lake Success, NY).
Step size was adjusted such that multiple cells could be monitored simultaneously and analyzed individually. Calcium transients were expressed as the average of multiple cells. Confocal microscopy was utilized to ensure that calcium measurements were of hippocampal neurons. Using the manufacturer's optics set for Indo-I, 100 mW of a 360 pm line of argon laser was used to excite the Indo-1. Photomultiplier strength was held constant in all experiments, and a 1% neutral density filter was used to prevent Indo-l photobleaching. The ratio of emitted wavelengths at 405 pm (Indo-lcalcium complex) and 485 pm (free Indo-I) was monitored to indicate relative calcium concentration. Free [Ca*+], was estimated by comparison of fluorescence ratio values to a calcium calibration curve. All experiments were performed in recording solution at room temperature.
Calcium calibration curve. In order to convert fluorescent ratios to calcium concentration, an aqueous, in vitro calcium calibration curve was performed according to the method recommended by Meridian Instruments. Experimental parameters were consistent with those from cell culture experiments, and the buffer used was designed to approximate intracellular conditions (100 mM KCl, 1 mM EGTA, 50 mM HE-PES, pH 7.2). The curve was generated by measuring the change in fluorescence after adding known amounts of calcium to buffer containing 10 FM Indo-l pentapotassium salt (nonpermeant). Kd values of EGTA and Indo-l were stabilized by the high concentration of HEPES in the buffer and by reducing temperature to 21°C. EGTA correction of the calcium calibration curve was performed using ACAS software (Meridian Instruments, Okemos, MI) assuming Kd values of 0.151 pM for EGTA and 0.250 FM for Indo-1,
Results
Characterization of the cell culture population. Hippocampal cells were plated onto a confluent glial bed at a density of 7.5 X lo5 cells/60 mm dish (Fig. 1) . In mature cultures, viable neurons could be distinguished from glial cells as large, phase-bright cells with long branching neuritic processes (Fig. 1A ). In contrast, glial cells appeared flat and polygonal in morphology and did not develop an extensive network of axons or dendrites. Approximately 30% of the neurons in the cultures were identified morphologically as pyramidal neurons (Coulter et al., 1992) . Exposure of cultures to 500 PM glutamate for 10 min resulted in a reproducible, delayed neuronal cell death. Nonviable neurons exhibited fragmented processes (Fig. 1B) and did not exclude the vital dye, trypan blue (data not shown). Cell morphology was observed 24 hr following the exposure of cultures to control, glutamate or glutamate plus MK-801 solutions. Exprocesses. B, Hippocampal neurons 24 hr post 500 FM glutamate exposure (10 min). Hippocampal neurons appear necrotic with fragmented processes, (arrows denote neuronal soma). Effect of glutamate and KCl-depolarization on neuronal viability 24 hr postexposure. Neurons were exposed to glutamate (500 pM, solid bars, 11 = 8) or KCI (50 mM, hatched bars, n = 3) for the time indicated and allowed to recover for 24 hr as described in the Materials and Methods. Viable neurons expressed as the mean percent k SEM of original neurons/dish. **, p < 0.001 l-way ANOVA, Bonferroni corrected.
citotoxic glutamate exposure (500 FM, for 10 min) resulted in 89.33 ? 0.73% loss of hippocampal neurons after 24 hr (Fig.  2) , confirming results reported previously Churn et al., 1993) . Approximately 29.61 + 2.13% neuronal loss was observed after 1 hr of glutamate exposure. The acute toxic reaction to glutamate exposure confirms previously reported acute neuronal loss and is probably sodium or chloride dependent (Choi, 1987) . Control cultures did not exhibit a significant loss of viable neurons (2.68 + 1.2% loss, n = 6). Therefore, any cell loss during the first 24 hr following glutamate exposure was due predominately to glutamate treatment and not due to an artifact of handling the cultures.
The excitotoxic effect of glutamate on neuronal viability was dependent upon both duration of glutamate exposure and glutamate concentration (Fig. 2) . Decreasing the time of neuronal exposure to glutamate resulted in decreased cell loss relative to 10 min exposure after 24 hr (Fig. 2) . Glutamate exposure for 1 min did not result in significant loss of viable neurons (6.55 ? 3.23% loss, y1 = 8). Glutamate exposure for 3 min resulted in a 47.3 I ? 2.9% loss compared to control treatment. The percent cell death for the 3 min exposure was significantly different from both control and 10 min exposure times (p < 0.001, one-way ANOVA, Bonferroni corrected). Reducing glutamate concentration to 50 FM modulated the level of neuronal cell death. Exposure of neurons to 50 HAM glutamate for 3 min did not result in significant neuronal cell death (14.09 ? 1.4% loss, II = 8). However, 10 min of exposure to 50 pM glutamate resulted in a significant loss of viable neurons (79.4 -t 2% loss, II = 9). Thus, the glutamate-induced, delayed neuronal cell death was dependent on both glutamate concentration and exposure duration. To determine whether depolarization and entry of calcium through voltage-dependent channels could account for the glutamate-induced neuronal cell death, cultures were treated with SO mM KC1 under analogous conditions to glutamate exposure (Fig. 2) . Depolarizing cultured neurons with 50 mM KCI for IO min did not result in significant loss of viable neurons (4.2 + 1.8% loss, n = 3). In addition, extending the KCI exposure to 60 min did not result in significant loss of viable neurons (4.5 + 3% loss, n = 3). Previous studies from this laboratory have demonstrated that 50 mM KC1 treatment of the cultured produced complete neuronal depolarization (Coulter et al., 1992 ). These observations suggest that calcium entering through voltage-gated calcium channels was not sufficient, alone, to cause the delayed neuronal cell death. These observations also provided a mechanism for inducing prolonged increases in intracellular calcium which did not result in delayed neuronal cell death. The findings are consistent with the results from other studies (Choi, 1988; Choi and Hartley, 1993; Churn et al., 1993) confirming that the effects of calcium on cell death depend upon the mechanism of calcium entry.
Eflects of glutamate and depolarization on neuronal calcium levels. It is important to document the levels of intracellular free calcium ([Ca?+],), under conditions utilized to quantitate neuronal cell death and CaM kinase II inhibition. ACAS confocal analysis of Indo-l fluorescence was utilized to directly measure transient increases in [Caz+] , following pharmacologic stimulation with either 500 pM glutamate or 50 mM KCI solutions (Fig. 3) . Healthy neurons displayed basal [Caz+] , levels between 100-150 FM. Cultures with neurons displaying basal [ Ca' j, levels greater than 150 pM were not used for experimentation (Murphy and Miller, 1988) . Excitotoxic (10 min) glutamate exposure resulted in an initial increase in [CaZ+] , to greater than 2 FM (n = 20 neurons) followed by a sustained [Ca"], transient. In addition, the [Cazi] , transient persisted after the glutamate solution was replaced with control solution. Coadministration of MK-801 with the glutamate (Fig. 3C) significantly reduced the initial [Ca2+], transient and all cells returned to normal [Ca?'] , levels upon removal of glutamate (n = 8 neurons). To determine whether the increase in [Ca2'], was due predominantly to influx of extracellular Ca*', glutamate exposure was performed in the absence of extracellular Ca'+. Cultures were washed four times with Ca*+-free recording solution and subjected to excitotoxic glutamate in the absence of Ca'+. Removal of extracellular calcium blocked both the initial rise in [Ca'+ 1, as well as the sustained [W*], transient ( Fig. 30 ; y1 = 7 neurons). Thus, both the initial rise in [CaZ] , and the glutamate-induced, sustained calcium transients were shown in our cultures and as described by others (Abele et al., 1990; Connor and Tseng, 1988) to be dependent upon extracellular Ca2+ and stimulation of the NMDA subtype of glutamate-gated channels. Exposure of neurons to 50 mM KCI for IO min (Fig. 3B) IZects of glutamate exposure on CaM kinase II activity. Homogenates from control hippocampal neuronal cultures were reacted under standard conditions (see Materials and Methods) which were maximal for CaM kinase II activity and resolved by SDS-PAGE (Fig. 4) . Homogenates from control cultures demonstrated calcium-stimulated phosphate incorporation into specific protein bands in comparison to magnesium-dependent (basal) phosphorylation.
The calcium-dependent phosphorylation pattern observed in hippocampal cultures was similar to that observed in preparations from whole brain, hippocampal slices, the absence of neurons when incubated under standard condiand from mixed cortical neuronal cultures (Churn et al., 1990a, tions utilized to measure kinase activity in neuronal cultures 1992a, 1993) . Although CaM kinase II activity has been reported (data not shown). Thus, CaM kinase II activity observed in neuin glial cells (Babcock-Atkinson et al., 1989) CaM kinase II on high resolution gel electrophoresis has been utilized to identify the 50 kDa (a) and 60 kDa (p) subunits of CaM kinase II in forebrain homogenates and neuronal cultures (Churn et al., 1990a (Churn et al., , 1993 . Comigration with purified rat CaM kinase II was utilized to identify the 50 kDa and 60 kDa subunits as the alpha and beta subunits of CaM kinase II in hippocampal cell culture (Fig. 4, arrows) . The peptide bands in the cellular homogenate comigrating with purified CaM kinase II were further demonstrated to be the 01 and p subunits of the kinase by immunoreactivity with specific antibodies directed against these subunits by Western analysis (see Materials and Methods).
Excitotoxic glutamate exposure that produced significant neuronal death after 24 hr (Fig. 2) and elevated [CaZ+] , (Fig. 3 ) in hippocampal cells resulted in a 41 ? 1.9% inhibition of CaM kinase II activity when assayed 1 hr after glutamate exposure (Fig. 5) . The observed glutamate-induced inhibition was significant when compared to control cultures (y < 0.01, one-way ANOVA, Bonferroni corrected). Short-term exposure (l-3 min) of hippocampal cells to glutamate did not result in significant inhibition of CaM kinase II activity (data not shown). In addition, exposure of cultures to 50 mM KC1 for 10 min did not result in inhibition of CaM kinase II activity (97% of control, n = 12 cultures; Fig. 5 ). Thus, glutamate exposures that resulted in significant delayed neurotoxicity and prolonged elevations in . Effect of glutamate (500 FM) or KC1 (50 mM) on CaM kinase II activity in hippocampal homogenates. Hippocampal neurons in culture were exposed to glutamate (II = 1 I) or KCI (n = 12) for 10 min under standard conditions and allowed to recover for I hr as described in Materials and Methods. The cultures were then harvested and endogenous kinase activity was quantitated as described in Materials and Methods. Endogenous kinase activity was calculated as percent of kinase activity in parallel sham-treated cultures. Data are presented as mean 2 SEM. **, p < 0.001, one-way ANOVA, Bonferroni corrected.
[Ca?'], resulted in significant inhibition of CaM kinase II activity. Conversely, depolarizing conditions that did not result in significant neuronal death or prolonged elevations in [CaZ+] ,, also did not result in significant inhibition of CaM kinase II activity.
To determine the time course of excitotoxic glutamate receptor activated inhibition of CaM kinase II activity, hippocampal neurons were assayed for kinase activity after different time intervals following a standard IO min glutamate exposure. After excitotoxic exposure, significant inhibition of CaM kinase II activity was observed at all time points measured (Fig. 6) . CaM kinase II inhibition was observed immediately following excitotoxic exposure to glutamate (46.1 -t 6.9% inhibition, II = 6 cultures) and remained diminished at all points measured. The data suggest that excitotoxicity-induced inhibition of CaM kinase II activity occurred, it remained until significant neuronal death was observed. Thus, glutamate-induced excitotoxicity was observed immediately following a 10 min glutamate exposure and at every time point measured, up to 1 hr. In addition, the observed inhibition of CaM kinase II activity preceded the glutamate-induced, calcium-dependent neuronal cell death.
To further determine whether the observed inhibition of kinase activity was due to autophosphorylation with cold phosphate groups, CaM kinase IlLdependent phosphorylation of exogenously-added synthetic peptide (Syntide II) was performed (Fig. 7) , utilizing established procedures (Hashimoto and Soderling, 1987) . Under standardized conditions, Syntide II phosphorylation was inhibited in fractions obtained from glutamatetreated cultures (68.1 2 1% of control, 11 = 4). In addition, the inhibition observed in the Syntide II phosphorylation assays was equivalent to the inhibition observed in the back phosphorylation assays (68.8 + 2.3, II = 4). Therefore, the glutamate-in- duced inhibition of CaM kinase II activity observed in the back phosphorylation assays was due to inhibition of enzyme activity and not due to prelabeling with cold phosphate groups of the kinase subunits.
To further characterize Syntide II phosphorylation, saturation experiments were conducted. The glutamate induced inhibition of CaM kinase 11 activity could not be overcome by either increasing Syntide II concentration or time of reaction (Fig. 8 ). Syntide II phosphorylation displayed an apparent k, of I I .4 PM in control homogenates and IO.2 pM in glutamate treated cultures. However, maximal Syntide II phosphorylation in glutamate-treated cultures was decreased 36.9% when compared to control phosphorylation (Fig. 8) . In addition, the glutamate-induced inhibition of Syntide II phosphorylation could not be overcome by increasing reaction time (Fig. 8) . The k,,, was not significantly different in glutamate-treated cultures when compared to control (control k,,2 = 3 I .2 set vs glutamate-treated k,,2 = 38 set). However, the maximal Syntide II phosphorylation in glutamate-treated cultures did not approach control phosphorylation levels at any time point measured. Maximal Syntide II phosphorylation was 45.6% of control phosphorylation using saturating levels of substrate (Fig. 8) . Thus, glutamate-induced inhibition of CaM kinase II activity was observed when utilizing autophosphorylation as well as exogenously added Syntide II as a substrate. In addition, the glutamate-induced inhibition of CaM kinase II activity could not be overcome by increasing either Syntide II concentration or time of reaction.
Glutumate-induced inhibition of CUM kinase II was not due to autophosphor?ilation. Autophosphorylation has been shown to modulate CaM kinase II activity (Lai et al., 1986; Hanson and Schulman, 1992) . In addition, CaM kinase II exists in an (Patton et al., 1993) . Although the exogenous substrate studies performed above strongly rule out autophosphorylation as the cause of glutamate-induced inhibition of kinase autophosphorylation, it may still be possible that potential phosphorylation sites were already phosphorylated in glutamatetreated samples and thus not available for phosphorylation, in vitro. To determine whether de now autophosphorylation of CaM kinase II had occurred, homogenates from control and glutamate-treated cultures were treated with phosphatase I and 2A (PPC) under conditions that were shown to effectively remove endogenous phosphates from CaM kinase II (Shields et al., 1985; Churn et al., 1992a) .
To determine whether phosphatases 1 and 2A, could remove autophosphorylation-dependent phosphate groups, autophosphorylation reactions were performed and terminated by the addition of PPC mixture. Removal of radioactive phosphate groups was quantitated over time by removing aliquots and resolving the proteins by SDS-PAGE (Fig. 9) . Partial dephosphorylation of endogenous kinase subunits was observed in buffer alone. The observed dephosphorylation was most likely due to endogenous phosphatases in the homogenate fractions. The dephosphorylation of CaM kinase II was more rapid and occurred to a significantly greater extent in the presence of exogenously added PPC (Fig. 9) removing greater than 70% of labeled phosphate groups added by autophosphorylation.
Incubation of homogenates with both PPC and the selective phosphatase inhibitor okadaic acid (600 pM) resulted in almost no removal of radioactive phosphate groups from the CaM kinase II subunits. Thus, okadaic acid sensitive phosphatases were able to remove a signifi- cant level of phosphate groups due to autophosphorylation of CaM kinase II. Unlike autophosphorylation, the excitotoxicity-induced inhibition of CaM kinase II activity was not reversible with phos- phatase treatment. Kinase from glutamate-treated cultures displayed 60.3% of control activity prior to phosphatase treatment and displayed 61.8% activity following treatment. Thus, the glutamate-induced inhibition of CaM kinase II was not due to increased autophosphorylation of the enzyme in situ. Since no kinase activity could be recovered by the PPC treatment, it is unlikely that autophosphorylation, alone, could account for the glutamate-induced inhibition of CaM kinase II activity. Together with the substrate phosphorylation data, these results indicated that excitotoxic inhibition of CaM kinase II was not due to an autophosphorylation-induced inhibition of the enzyme. However, the data does not exclude the possibility that phosphorylation at a site not recognized by the phosphatases used in the present study may account for some of the observed inhibition of kinase activity. Pharmacology of glutamate-induced neurotoxicity. To determine which glutamate receptor subtype was responsible for the excitotoxicity-induced inhibition of CaM kinase II activity, specific glutamate receptor agonists and antagonists were employed (Fig. 10) . Coincubation of neurons with glutamate + MK-801, a noncompetitive NMDA receptor antagonist, resulted in almost complete protection from the glutamate-mediated inhibition of CaM kinase II (5.35 + 4.0% inhibition, R = 4). Alternatively, incubation with 100 FM NMDA resulted in significant (60 + 5.6%) inhibition of CaM kinase II activity. Furthermore, coincubation of neurons with glutamate + CNQX (100 FM), a potent AMPA receptor antagonist, did not result in significant protection from glutamate-induced inhibition of CaM kinase II activity (52.7 ? 4% inhibition, n = 4). Incubation with quisqualate, resulted in 33.72 -t 10.17% inhibition of CaM kinase II activity (n = 4). However, the observed inhibition could be blocked with coincubation of quisqualate + MK-801 (9.17 2 2.39% inhibi- .
-6 Figure 10 . Pharmacology of glutamate-induced inhibition of CaM kinase II activity in hippocampal cultures. Hippocampal cultures were exposed to agents specified under standard excitotoxic conditions. Cultures were allowed to recover for 1 hr and harvested for CaM kinase II quantitation. Endogenous kinase activity is expressed as the mean percent t SEM of sham-treated sister cultures; n = 4, each group. **, p < 0.01, one-way ANOVA, Bonferroni corrected.
tion, II = 4). Thus, the observed quisqualate induced inhibition of CaM kinase II activity probably was due to endogenous glutamate release and secondary stimulation of NMDA-dependent receptors. The data support the hypothesis that excitotoxic activation of the NMDA glutamate-receptor subtype can account for the excitotoxicity induced inhibition of CaM kinase II observed in this model. Calcium dependence of excitotoxicity-induced inhibition oj CUM kinase II activity. Previous reports have demonstrated the dependence of calcium on delayed neuronal toxicity Michaels and Rothman, 1990) and the development of an extended neuronal depolarization (END, Coulter et al., 1992; Sombati et al., 1991) . Therefore, we investigated whether a calcium-dependent mechanism was responsible for the NMDA-induced inhibition of CaM kinase II activity. To assess the effect of removal of calcium from the recording solution, cultures were washed with physiological saline without calcium. The cultures were then exposed to glutamate as described in the methods except that calcium was omitted in the glutamate-containing recording solution. In addition, calcium was omitted from the initial washing steps after glutamate exposure. Removal of calcium from the recording solution resulted in almost complete protection from glutamate-induced inhibition of CaM kinase II activity (Fig. 1 1) respectively). The results were similar to previously published observations of cation dependence on END (Coulter et al., 1992) . Thus, the cation dependence for inhibition of CaM kinase II activity parallels that observed for neurotoxicity Michaels, Rothman, 1990 ) and the induction of END (Sombati et al., 1991; Coulter et al., 1992) in situ (Churn et al., 1992a,b) . This antibody was utilized to further characterize the inhibition of CaM kinase II activity in hippocampal cultures. Immunocytochemical analysis was performed on neurons exposed for 10 min to either control or glutamate solution (Fig.  12) . Control cultures exhibited significant immunofluorescence which was specific to neuronal cells. The specific immunofluorescence demonstrated the high level of neuronal CaM kinase II expression relative to glial cells in culture. In glutamate-treated cultures, many neurons did not show significant immunofluorescence above background levels. In the remaining neurons that did show immunofluorescence, the level was significantly lower than control neurons (Fig. 12) . In addition, the pattern of immunofluorescence was grainy and not homogenous compared to control cultured cells. Pyramidal neurons identified by morphology demonstrated a more significant decrease in CaM kinase II immunoreactivity than other neuronal cell types. Thus, excitotoxic glutamate exposure resulted in a loss of immunofluorescence that was observed immediately following excitotoxic exposure of neuronal cultures to glutamate, confirming that glu- CaM kinase II immunocytochemistry in hippocampal neurons in cultures exposed to control (A, C) or glutamate (500 pM; B, D) for 10 min and immediately fixed with paraformaldehyde. Neurons were immunoreacted with a monoclonal IgG, (lC3-3D6) directed against the beta tamate rapidly induced a significant inhibition of CaM kinase II activity following excitotoxic exposure. In addition, the decreased immunoreactivity observed in situ confirmed that measurement of neuronal kinase, relative to glial kinase, is affected by excitotoxic glutamate exposure.
Discussion
Primary hippocampal neuronal cultures were utilized to measure directly the effect of glutamate exposure on neuronal viability, modulation of [Ca"],, and inhibition of CaM kinase II activity within the same preparation. Excitotoxic glutamate exposures that resulted in delayed neuronal cell death and prolonged [Ca*+], transients also resulted in significant inhibition of CaM kinase II activity. The glutamate-induced inhibition of CaM kinase II activity was observed immediately following excitotoxic (10 min) glutamate exposure and was observed at all time points measured. Furthermore, the inhibition of CaM kinase II activity was dependent upon both the stimulation of the NMDA subtype of glutamate-gated channels and the presence of extracellular calcium, [Ca2+] ,. The results also confirm earlier reports of NMDA Michaels and Rothman, 1990; Churn et al., 1993) and [Ca*+],, dependence (Choi, 1987; Choi and Hartley, 1993) of glutamate-induced neuronal cell death. In addition, the observations that conditions which result in delayed neuronal cell death also result in inhibition of CaM kinase II activity are consistent with the hypothesis that preservation of CaM kinase II activity is important for neuronal viability. These observations provide evidence that inhibition of CaM kinase II activity may be an important step in the cascade of events that ultimately result in delayed neuronal cell death.
Inhibition of CaM kinase II activity is an early and longlasting phenomenon in global forebrain ischemia (Churn et al., 1990a (Churn et al., ,b, 1992a Zivin et al., 1991; Aronowski et al., 1993) . Although proteolytic destruction of kinase subunits has been suggested in prolonged ischemia (Yamamoto et al., 1992) , the inhibition of CaM kinase II in transient ischemia models has been shown to be due to a posttranslational modification of the enzyme which results in inhibition of enzymatic activity (Aronowski et al., 1992; Churn et al., 1992a) . Since the inhibition observed after glutamate excitotoxicity was not due to enzymatic degradation of the kinase, it is reasonable to speculate that similar mechanisms that resulted in global forebrain-induced inhibition of CaM kinase II activity were active in glutamate excitotoxicity-induced CaM kinase II inhibition. Therefore, the primary neuronal culture model described in this report provides a powerful tool to characterize the excitotoxic inhibition of CaM kinase II and excitotoxicity-induced neuronal cell death.
Decreased immunoreactivity of CaM kinase II with a monoclonal antibody directed towards the p subunit of the enzyme has been reported in whole animal ischemia (Churn et al., 1992a,b) . In the gerbil ischemia model, the decreased immunoreactivity was not due to autophosphorylation (Churn et al., 1992b) or to destruction of the enzyme since when balanced for subunit staining the decreased immunoreactivity was still observed (Churn et al., 1992a,b) . In addition, loss of immunoreactivity was observed only in neuronal populations that undergo delayed neuronal cell death, such as the pyramidal neurons of t The Journal of Neuroscience, April 1995, 15(4) 3211 the hippocampus (Churn et al., 1992b) . Thus, altered immunoreactivity was observed in neuronal populations that displayed delayed neuronal cell death, but not in populations that were insensitive to the effects of transient ischemia. The same antibody was utilized to establish the effect of glutamate toxicity on CaM kinase II immunoreactivity in hippocampal cultures. Excitotoxic glutamate exposure resulted in an immediate loss of immunoreactivity of CaM kinase II with the monoclonal antibody. The decreased immunoreactivity paralleled the decreased enzymatic activity observed in this model and was observed prior to neuronal cell death. In the gerbil model of ischemia, the hippocampal pyramidal neurons which were sensitive to ischemia are the same populations that lose immunoreactivity with kinase antibody (Churn et al., 1992b) . In the hippocampal culture model of glutamate toxicity, the pyramidal neurons also lost immunoreactivity with the monoclonal antibody. Since pyramidal cells comprise approximately 30% of the neuronal population (Coulter et al., 1992 ) the resultant loss of immunoreactivity within these cells would explain the magnitude of loss of immunoreactivity that was apparently greater than the loss of enzyme activity. Thus, it is possible that CaM kinase II activity in the glutamate-sensitive pyramidal neurons may be reduced by almost 100% under cytotoxic conditions. Further study of the total neuronal population in which neuronal cells lose kinase immunoreactivity will be performed in future studies. Thus, excitotoxic glutamate exposure resulted in an analogous altered immunoreactivity of CaM kinase II as observed in the whole animal ischemia model (Onodera et al., 1990; Churn et al., 1992b) . This observation suggests that excitotoxic glutamateinduced CaM kinase II inhibition occurred by similar mechanisms as that observed in whole animal models of ischemia.
Knowledge of the pharmacology of glutamate induced neurotoxicity is important for our understanding of neurotoxicity that occurs in vivo. Previous reports have demonstrated that selective blockade of the NMDA receptor channels during glutamate exposure resulted in preservation of neuronal viability Michaels and Rothman, 1990; Churn et al., 1993) . In the present study, pharmacologic blockage of the NMDA channel with MK-801, but not the AMPA glutamate receptor channels (CNQX) preserved CaM kinase II activity. In addition, specific NMDA agonists resulted in a similar inhibition of CaM kinase II activity as did glutamate application. The results support the hypothesis that excitotoxic activation of NMDA receptor channels results in inhibition of CaM kinase II activity. The same NMDA receptor activation results in a delayed neuronal cell death. Thus, excitotoxic NMDA receptor activation results in inhibition of CaM kinase II activity and delayed neuronal cell death.
CaM kinase II is highly enriched in neurons and is especially concentrated in the synaptic regions (Kennedy et al., 1983a; Goldenring et al., 1984b; Kelly et al., 1984) . Therefore, CaM kinase II may regulate important neuronal processes involved in neurotransmission. Activation of NMDA receptors has been shown to activate CaM kinase II in a calcium-dependent manner . The NMDA-dependent kinase activation results in the production of a calcium-independent form of the (60 kDa) subunit of CaM kinase II (see Materials and Methods).
